-/-cells with SUL and CLX resulted in inhibition of anchorage-independent colony formation in vitro, which is indicative of reduced cancer risk in vivo. Mechanistically, SUL and CLX suppressed the expression of the Apc target genes β-catenin, cyclin D1, c-Myc and cyclooxygenase-2. Long-term treatment with high concentrations of SUL and CLX led to the selection of hyper-proliferative drug-resistant phenotypes. The Apc -/-SUL-resistant phenotype displayed spheroid formation and enhanced the expression of the stem cell-specific molecular markers CD44, CD133 and c-Myc. These data demonstrated the growth-inhibitory efficacy of SUL and CLX and indicated that drug resistance leads to the selection of a putative cancer stem cell phenotype. The study outcome validates a stem cell-targeted mechanistic approach to identify testable alternative leads for chemotherapy-resistant colon cancer.
Introduction
According to the American Cancer Society, there will be an estimated 95,270 new colon cancer cases and 49,190 colon cancer-related deaths in 2017 (1) . These figures represent overall risk for developing sporadic, familial and hereditary colon cancer in both sexes, which is partly based on common molecular/genetic pathways predisposing to this disease. Germline or somatic mutations in the adenomatous polyposis coli (Apc) tumor suppressor gene represent the primary predisposing genetic defect in the clinical familial adenomatous polyposis (FAP) syndrome, in genetically predisposed early-onset colon cancer, and in the majority of sporadic colon cancers (2) .
Genetically engineered mouse models for FAP carry germline mutations in codons 474, 850 or 1638 of the Apc tumor suppressor gene, and exhibit adenoma formation predominantly in the small intestine, rather than in the colon (2) (3) (4) . Since the colon represents a clinically relevant target organ site for the development of colon cancer, reliable models expressing clinically relevant genetic defects in the target organ site for colon cancer and exhibiting quantifiable cancer risk offer a testable preclinical alternative. Towards this end, Apc-defective colonic epithelial cell culture models derived from Apc 1638+/-and Apc 850/Min+ mice were isolated and characterized. These preclinical cell culture models exhibit spontaneous immortalization as evidenced by telomerase re-expression, loss of homeostatic growth control as evidenced by hyper-proliferation, aberrant cell cycle progression and downregulated cellular apoptosis, and persistent cancer risk as evidenced by anchorage-independent (AI) growth in vitro and development of tumors in vivo. These colonic epithelial cell culture models for the FAP syndrome have also been utilized as novel experimental approaches to examine the efficacy of selecting mechanistically distinct chemo-preventive agents (5) (6) (7) (8) (9) (10) .
The preclinical in vivo animal models for the FAP syndrome have provided valuable clinically relevant mechanistic evidence for the efficacy of non-steroidal anti-inflammatory drugs (NSAIDs) and selective cyclo-oxygenase-2 inhibitors (COXIBs) in intestinal adenomas (11) (12) (13) . Subsequently, these agents have also been used as preventive/therapeutic options for clinical FAP and sporadic colon cancer (14) (15) (16) (17) .
Long-term clinical use of NSAIDs and COXIBs is associated with unacceptable systemic toxicity and significant side effects. Thus, NSAIDs functioning as dual inhibitors of constitutive isoform COX-1 and of inducible isoform COX-2, lead to gastrointestinal toxicity (14, 15) . COXIBs that function as selective COX-2 inhibitors are associated with cardiovascular problems and risk of stroke (17) (18) (19) . Similar to conventional chemotherapeutics, long-term administration of NSAIDs or COXIBs may also lead to acquired tumor resistance due to the emergence of drug-resistant cancer stem cell populations (20) (21) (22) . Therefore, these limitations emphasize an unmet need for development and characterization of stem cell models exhibiting clinical relevance to genetically predisposed early-onset colon cancer. Furthermore, stem cell models may facilitate identification of novel efficacious preventive/therapeutic agents as testable stem cell-targeted alternatives to existing therapeutic options for colon cancer.
Published evidence has strongly supported the concept that inflammation and cancer may be mechanistically linked via a multi-step carcinogenic process consisting of disease initiation, promotion and progression. Inflammation is considered to be a major driver of cancer initiation and progression in the colon, as exemplified by clinical inflammatory bowel disease, ulcerative colitis and colitis-associated colon cancer, and in the preclinical setting by the Apc Min/+ /DSS mouse model (23, 24) . The pro-inflammatory inducible nitric oxide synthase-COX-2 (iNOS-COX2) loop that is active in the tumor microenvironment may represent a therapeutic target for cancer. Of note, the anticancer efficacy of selective inhibitors for iNOS and COXIBs have been recently documented in triple-negative breast cancer (25) .
In the present study, experiments were designed to i) develop and characterize a cell culture model for tumor-derived Apc -/-colonic epithelial cells, ii) examine the growth-inhibitory efficacy of the prototypic anti-inflammatory agents sulindac (SUL) and celecoxib (CLX) on the developed model, and iii) develop a SUL-resistant (SUL-R) cancer stem cell model that validates a testable cancer stem cell-based alternative approach for the identification of novel stem cell-specific therapeutics for colon cancer.
Materials and methods
Experimental models. The experimental models used in the present study were derived from colonic epithelium of histologically normal descending colon. These colonic epithelial cell lines are spontaneously immortalized, as evidenced by expression telomerase, and exhibit quantifiable risk for tumorigenic transformation (5, 6, 9 (9) . The cell lines were maintained in DME/F12 medium supplemented by 10% heat-inactivated fetal calf serum (Gibco, Grand Island, NY, USA), 0.24 IU (10 µg/ml) insulin and 1 µM dexamethasone (Sigma-Aldrich, St. Louis, MO, USA). The culture medium also contained an antibiotic mixture (100 IU/ml penicillin-100 µg/ml streptomycin mixture, +50 µg/ml fungizone +50 µg/ml gentamycin; all from Gibco). The cell lines were maintained at 37˚C in a humidified atmosphere of 95% air:5% CO 2 , and were sub-cultured to ~80% confluency (5, 6, 9) .
Growth assays. The growth assays compared the status of population doubling, saturation density, cell cycle progression and AI colony formation. Population doubling was determined by viable cell counts at 24, 48, 72 and 96 h post-seeding of 1x10 5 cells. The data were expressed as the mean of the four time points. Saturation density was determined by the viable cell counts at day 7 post-seeding of 1x10 5 cells. The viable cell counts were determined using a Trypan blue exclusion cell viability assay kit (Sigma-Aldrich). The cell cycle progression was determined by flow cytometry to monitor G 1 , S and G 2 /M phases of the cell cycle. The data were expressed as G 1 : S+G 2 /M ratio (7-9).
AI colony formation assay. For this assay, the cell suspension in 0.33% agar (Gibco), with or without the test agent, was overlaid over a basement matrix of 0.6% agar. The cultures were maintained at 37˚C in a humidified atmosphere of 95% air:5% CO 2 for 14 days, and the number of AI colonies formed in 0.33% agar at day 14 post-seeding of 100 cells were determined.
Test compounds. The NSAID pan-COX inhibitor sulindac (SUL) and selective COX-2 inhibitor celecoxib (CLX) (both from Sigma-Aldrich), were used as the test compounds. The stock solutions of these agents (100 mM) were made in 100% ethanol and were serially diluted in the culture medium to obtain the working solutions at concentrations within the pharmacologically achievable dose ranges for SUL and CLX.
Drug-resistant phenotypes. To isolate the sub-population of cells resistant to the cytotoxic effects of SUL and CLX, the Apc -/-1638N COL-Pr1 cells were maintained in the presence of predetermined cytotoxic concentrations of 20 µM SUL or 20 µM CLX. The surviving drug-resistant cell population was expanded in the presence of 20 µM SUL or 20 µM CLX for at least 5 passages to select the SUL-R and CLX-resistant (CLX-R) phenotypes.
For the tumor spheroid formation assay, SUL-R 1638N COL-Pr 1 cells were seeded at a density of 100 cells per well in ultralow adherence 6-well plates (Corning/Costar, Corning, NY, USA) in serum-free DME/F12 medium. This culture medium was supplemented with 20 ng/ml epidermal growth factor, 10 ng/ml basal fibroblast growth factor (Sigma-Aldrich), 1% B27, 10 ng/ml leukemia-inhibitory factor (Thermo Fisher Scientific, Inc., Waltham, MA, USA), 5 µg/ml insulin, 1 ng/ml hydrocortisone and 4 µg/ml heparin sodium (Sigma-Aldrich).
The cultures were maintained at 37˚C in a humidified atmosphere of 95% air:5% CO 2 , and the spheroids formed on day 14 post-seeding were counted.
Apc target gene and stem cell marker expression assays.
The expression of the Apc target gene products β-catenin, cyclin D1, c-Myc and COX-2 was quantified by staining the cells with fluorescein isothiocyanate (FITC)-labeled antibodies for β-catenin (BD Biosciences, San Jose, CA, USA), cyclin D1 and c-Myc (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and COX-2 (Cell Signaling Technology, Beverly, MA, USA), using the optimized protocols recommended by the manufacturers. The antibody-positive cells were sorted by flow cytometry (26) . Similarly, the expression of the stem cell markers CD44, CD133 and c-Myc was quantified by sorting of cells positively stained for FITC-labeled antibodies specific for CD44 (Cell Signaling Technology), CD133 (Dako, Carpinteria, CA, USA) and c-Myc (Santa Cruz Biotechnology) following the protocol recommended by the manufacturers. The data were normalized for the fluorescence from cells stained with FITC-labeled IgG (BD Biosciences), and expressed as log mean fluorescence units/10 4 fluorescence events (26) .
Statistical analysis.
The replicate experiments were performed in triplicate. The data generated were analyzed for statistical significance between the control and the treatment groups by the Student's t-test using the Graph Pad Prism software, version 5.0 (Graph Pad Software, Inc. La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Homeostatic growth control. The data from comparative experiments on the cell culture models are summarized in Table I . Relative to the non-tumorigenic Apc +/+ C57 COL cells, Apc-defective tumorigenic Apc +/-1638 N COL and tumor-derived Apc -/-1638N COL-Pr 1 cells exhibited a progressive decrease in the population doubling times, increase in saturation density and decrease in the aneuploid G 1 :S+G 2 /M ratio. In addition, the Apc-defective cell lines exhibited progressive increase in the expression of the Apc target gene products β-catenin, cyclin D1, c-Myc and COX-2.
Growth-inhibitory effects of SUL and CLX. The growth-inhibitory effects of SUL and CLX on the Apc -/-1638N COL-Pr 1 cells were examined using the AI colony formation assay. In response to treatment with 10 µM SUL and 10 µM CLX, 1638N COL-Pr 1 cells exhibited an 87 and 93.9% reduction (P=0.01) in the number of AI colonies, respectively, compared with the ethanol-treated control (Table II) .
Mechanistic targets for the efficacy of SUL and CLX.
The experiments conducted to examine the effects of SUL and CLX on the cell cycle progression and on the status of selected Apc target gene product expression are summarized in Table III . In response to treatment with SUL and CLX, the Apc -/-1638N COL-Pr 1 cells exhibited cell cycle arrest as evidenced by a ~7-and 9-fold increase (P=0.001), respectively, in the aneuploid G 1 :S+G 2 /M ratio. Additionally, the cell cycle arrest was associated with significant decreases in the Apc target gene products β-catenin (P=0.04), cyclin D1 (P=0.01), c-Myc (P=0.04) and COX-2 (P=0.01).
Drug-resistant phenotypes. The experiments conducted to isolate SUL-R and CLX-R phenotypes are summarized in Table IV . Long-term continuous treatment for at least 5 passages to 1638N COL-Pr 1 cells with high pharmacological doses of SUL and CLX resulted in the emergence of cells that exhibited robust growth and increased number of AI colonies. Relative to the sensitive phenotype, the SUL-R phenotype exhibited a 37.6-fold increase (P=0.001) in saturation density and a 13.4-fold increase (P=0.001) in the number of AI colonies. Similarly, the CLX-R phenotype exhibited a 52.5-fold increase (P=0.001) in saturation density and a ~10-fold increase (P=0.001) in the number of AI colonies. Determined from flow cytometry-based cell cycle analysis at day 3 post-seeding.
Relative to Apc +/+ C57 COL --------------------------------------------------------
d Determined at day 3 post-seeding, log mean fluorescence units. Apc, adenomatous polyposis coli; COX, cyclo-oxygenase; X, fold-change.
The data generated from the experiments designed to examine the stem cell characteristics of the SUL-R phenotype are summarized in Table V . Compared with SUL-sensitive (SUL-S) cells, the SUL-R cells exhibited a ~7-fold increase (P=0.01) in the number of tumor spheroids. As regards stem cell-specific molecular markers, SUL-R cells exhibited a 5.7-fold increase (P=0.01) in the expression of CD44, a 3.6-fold increase (P=0.02) in the expression of CD133, and a 1.7-fold increase (P=0.02) in the expression of c-Myc, compared with the SUL-S cells.
Discussion
Loss-of-function mutations in the APC and p53 tumor suppressor genes and gain-of-function mutations in the RAS and RAF oncogenes represent major genetic defects associated with the initiation/progression of colon cancer, promoting the emergence of immortalized aberrantly hyper-proliferative cancer phenotypes (2, 17) . Conventional chemotherapy involving combinations of mechanistically distinct cytotoxic pharmacological agents is an established treatment option for colon cancer. However, long-term chemotherapy is associated with systemic toxicity, acquired tumor resistance and emergence of chemo-resistant cancer stem cells, compromising the therapeutic efficacy and promoting disease progression (17, (20) (21) (22) . These limitations emphasize an unmet need to identify testable alternatives that are effective for the prevention/therapy of genetically predisposed as well as sporadic colon cancer. The experiments in the present study utilized a cell culture model for Apc-defective colon cancer to evaluate the growth-inhibitory efficacy of the prototypic anti-inflammatory agents SUL and CLX, and to isolate and characterize drug-resistant cancer stem cells.
Comparative data on the Apc-defective colonic epithelial cells provided evidence for loss of homeostatic growth control. These data are consistent with the previously published data on the cell culture models for the FAP syndrome (5-10). It is also noteworthy that comparison between Apc +/-1638N COL and Apc -/-1638N COL-Pr 1 cells revealed a progressive biomarker modulation relevant to hyper-proliferation, aberrant cell cycle progression and Apc target gene expression in favor of 1638N COL-Pr 1 cells. Collectively, these data suggest that an Apc defect correlating with mutation and allelic deletion of the Apc tumor suppressor gene, emergence of aneuploid cell populations and upregulation of Apc target genes, such as β-catenin, cyclin D1, c-Myc and COX-2, may have facilitated a progressive loss of homeostatic growth control and advent of tumorigenic transformation. This interpretation of the present data is consistent with emergence of genetic instability, aneuploidy and chromosomal instability, corresponding to lack of tumor-suppressive function of the Apc gene (2, 5, 6) .
AI growth represents an in vitro surrogate marker for cancer risk of the tumorigenically transformed phenotype (7, 9, 10) . Thus, inhibition of AI colony formation in the Apc -/-1638N COL-Pr 1 cells by the prototypic anti-inflammatory drugs SUL and CLX suggests their ability to reduce cancer risk. These data are consistent with similar effects by several mechanistically distinct chemo-preventive agents in the cell culture models for the FAP syndrome (5,9,10), and complement their in vivo efficacy to inhibit adenoma formation in the animal models for the FAP syndrome (11) (12) (13) 17) .
Mechanistic experiments on Apc -/-1638N COL-Pr 1 cells demonstrated that these cells exhibited cytostatic growth arrest in response to treatment with SUL and CLX, as evidenced by increased G 1 :S+G 2 /M ratio. This inhibitory effect was associated with decreased expression of β-catenin, cyclin D1, c-Myc and COX-2. Collectively, these data are consistent with the Table IV . Drug-resistant phenotypes from Apc -/-1638N COL-Pr1 cells.
Treatment Saturation density a AI colony no. P=0.001 compared with CLX-S. Data were analyzed by the Student's t-test. Apc, adenomatous polyposis coli; AI, anchorage-independent; SUL-S, sulindac-sensitive; SUL-R, sulindac-resistant; CLX-S, celecoxib-sensitive; CLX-R, celecoxib-resistant; X, fold change. Table III evidence that c-Myc and COX-2 are established early response genes that drive the process of cell proliferation in response to oncogene/hormone/growth factor-mediated stimulus, and that β-catenin, cyclin D1, c-Myc and COX-2 represent established Apc target genes (2, 17) . It is also noteworthy that these Apc target genes are documented to be downregulated by several NSAIDs and COXIBs in the preclinical in vivo models for the FAP syndrome (11) (12) (13) 17, (27) (28) (29) .
Metabolic and pharmacokinetic profiles of the prototypic NSAID SUL have provided evidence that hepatic metabolism of this pro-drug generates sulfide and sulfone derivatives. The sulfide derivative functions as a potent inhibitor of prostaglandin E2 synthesis, while the sulfone derivative exerts potent anti-proliferative and pro-apoptotic effects, independent of the COX status, within the pharmacologically achievable concentration ranges (28, 30) . Thus, the sulfide and sulfone derivatives of SUL represent bio-active metabolites functioning via distinct COX-dependent and -independent pathways in the animal model for the FAP syndrome, colon carcinoma-derived cell culture models in vitro, as well as tumor xenograft models in vivo (28, 30) . Although SUL, as well as its metabolites, are individually effective in cell culture models (5, 10, 30) , little evidence is available as to whether SUL may be directly metabolized to generate these metabolic derivatives in the cell culture models. In this regard, reliable colon-derived cell culture models offer relevant experimental approaches to examine the preventive/therapeutic efficacy of anti-inflammatory agents directly on the target cells (5, 7, 9, 10) . The growth-inhibitory efficacy of SUL in the present experimental system raises an intriguing possibility, that either the prodrug exerts direct inhibitory effects, or that target cells are able to metabolize SUL and generate growth-inhibiting bio-active agents.
The SUL-R phenotype exhibits enhanced expression of cancer stem cell markers, such as spheroid formation, and positive expression of CD44, CD133 and c-Myc. In this context, it is noteworthy that CD44 + and CD133 + stem cells have been documented in several human colon carcinoma-derived cell lines (31) (32) (33) , and positive expression of these markers in colon carcinoma-derived HCT-116 cells have been correlated with the metastatic phenotype (31) . In addition, as regards the upregulated expression of CD44 and c-Myc, supportive lines of evidence suggest that these Apc target genes are upregulated in colon cancer stem cells (20) (21) (22) (31) (32) (33) . Furthermore, the SUL-R phenotype also raises the possibility that these resistant cells may display altered expression of non-COX targets, such as β-catenin, E-cadherin, mitochondrial apoptotic proteins, cyclin-dependent kinase inhibitor p21 WAF1/CIP1 and peroxisome proliferator-activated receptor-γ (PPAR-γ). Of note, abrogation of the expression of p21 and PPAR-γ has been documented in SUL-R colon tumors in the Apc
Min/+ mouse model, suggesting that loss of these proteins characterizes resistance to SUL (34, 35) .
Wnt/β-catenin signaling regulates telomerase activity in cancer and cancer-initiating stem cells. At the mechanistic level, β-catenin transcriptionally regulates the gene encoding Tert, which represents the enzymatic subunit of the telomerase enzyme (36) . Furthermore, several natural compounds and their derivatives, as well as synthetic small molecules, achieve a potent inhibition of telomerase in cell culture models for epithelial cancers (37) (38) (39) (40) . In this regard, the present colonic epithelial cell culture model differing in the expression of the tumor suppressor Apc gene, together with a model for Apc -/-drug-resistant telomerase-expressing colonic cancer stem cells, may provide novel mechanism-based experimental approaches for the identification of efficacious stem cell-targeted therapeutic agents.
Anti-inflammatory agent-based monotherapy for genetically predisposed, early-onset colon cancer and/or early sporadic colon cancer, similar to long-term sequential chemotherapy with fluoropyrimidines, oxaliplatin and irinotecan for metastatic colon cancer, may enhance the risk of acquired tumor resistance and resultant emergence of drug-resistant cancer stem cells (41, 42) . It is noteworthy that drug-resistant cancer stem cells have been isolated and characterized from colon carcinoma-derived cell culture models (31) (32) (33) and from luminal A and triple-negative breast carcinoma-derived cell culture models (43, 44) .
With regard to the future research directions, it is noteworthy that our previously published data on the Apc +/-
850
Min COL model for the FAP syndrome have documented the growth-inhibitory efficacy of several mechanistically distinct pharmacological agents, such as CLX and difluoromethyl ornithine, and naturally occurring agents, such as epigallocatechin gallate, curcumin and eicosapentaenoic acid (7, 8) . Additionally, selected Chinese nutritional herbs have provided promising leads for their growth-inhibitory mechanisms in the 850
Min COL model (Telang et al, unpublished results). Based on the abovementioned observations, future experiments on the Apc -/-SUL-R cancer stem cell model will examine whether relatively non-toxic natural products or nutritional herbs are able to directly target the cancer stem cell phenotype. In these experiments, optimized assays for stem cell markers will represent the quantitative mechanistic endpoints for evaluating the extent of stem cell targeting by the test compounds.
However, it must be mentioned that the present cell culture-based approaches provide only a limited validation for their clinical relevance and translatability. Previous evidence for therapeutic targeting of cancer stem cells from patient-derived xenografts of gastric cancer (45) , pancreatic ductal adenocarcinoma (46) and colonic organoids derived from induced pluripotent stem cells from APC mutant familial P=0.02 compared with the SUL-S phenotype. Data were analyzed by Student's t-test. SUL-S, sulindac-sensitive; SUL-R, sulindac-resistant; FU, log mean fluorescence units; Apc, adenomatous polyposis coli; X, fold-change.
adenomatous polyposis patients (47) support the validity of future experimental approaches.
